Erratum: "Transmission spectra changes produced by decreasing compactness of opal like structures" [J. Appl.
I. INTRODUCTION
Photonic crystals ͑PhCs͒ ͑Refs. 1-3͒ are very promising materials for future telecommunication devices because of their capacity to control electromagnetic waves. This control is due to the photonic band gap ͑PBG͒, 4 which may appear for PhCs in some particular arrangements, thereby, preventing light from propagating through the crystal. The presence of a PBG in PhC structures can give rise to phenomena similar to those of semiconductors in electronics, such as wave guiding, optical switching, or optical filtering.
Periodic arrangements of dielectric spheres 5- 23 give the possibility of creating ultracompact and efficient photonic devices at low cost, using techniques such as opal self-organization. [5] [6] [7] [8] [9] At present time, high quality bare opals are obtained by using spheres of polymethylmethacrylate ͑PMMA͒ or silica ͑SiO 2 ͒, materials that exhibit quite low refractive indices. However, the use of higher refractive index materials could open new possibilities in designing more efficient photonic devices, and toward this aim, a couple of experimental methods have been developed to synthesize higher refractive index spheres. For example, recent studies report the synthesis of titania ͑TiO 2 ͒ spheres with diameters of a few hundreds nanometers with coefficients of variations in size ranging from 5% to 20% and refractive indices as high as 2.9. 12, 13 It is easy to imagine the use of other materials in order to reach high refractive indices.
Single layers of dielectric spheres have received increasing attention recently. [13] [14] [15] [16] [17] [18] [19] [20] Such structures can be used as planar defects in three-dimensional ͑3D͒ structures 21 or as building blocks for the creation of two-dimensional ͑2D͒/3D hybrid architectures, for instance. Improved fabrication techniques allow specific patterns to be engineered in such monolayers by using micromanipulation, 13 electron beam lithography, 22 or laser-induced breakdown. 23 These novel techniques, currently adapted to PMMA and SiO 2 spheres in particular, enable the design of new PhC structures that may exhibit very useful properties. One can expect that similar techniques will be adaptable to higher refractive index spheres in the near future.
Spheres are well-defined resonators that can be regarded as the photonic version of individual atoms in electronic crystals. 13 It is generally accepted that a photon in an isolated dielectric sphere is trapped like an electron in an atom. However, this confined photon can hop from one sphere to the neighbor by the optical tunnel effect. This coherent motion of the photon in the periodic lattice gives rise to the photonic band. 16 Thus, the band origin can be regarded as double such as: caused by Mie scattering by individual spheres in one hand and by Bragg resonances from the periodic arrangement in the other. 13 The aim of this work is to investigate the influence in the electromagnetic transmission spectra of dielectric spheres single layers of the geometrical disposition of the spheres. The experiments were performed in the microwave regime because the structures are much easier to be built with spheres of several millimeters, while the physical behavior should be the same due the scaling properties of Maxwell equations. Several single layers were thus constructed in the two possible symmetric arrangements, triangular and square, for different values of compactness. The transmission spectra of these samples were measured and also numerically calculated by FDTD method.
The obtained results are discussed having in mind the map of resonances frequency against compactness, 19 comparing the transmission spectra with the calculated Mie resonances for individual spheres and with the first-orders Bragg diffraction. The most interesting result is the extraordinary similarity of the spectra obtained from lattices of medium compactness values. As the layers become more compact, the arrangement geometry becomes more relevant. In the low compactness region, only one to two resonances remain matched, increasing the geometry influence as the first-order Bragg diffraction value is approached. Therefore, three compactness regions can be identified regarding the influence of the geometry in the transmission spectra.
II. EXPERIMENTAL
Spherical soda lime glass spheres provided by Afora SA were used. The spheres have a high dielectric permittivity = 7.0 ͑n = 2.65͒ in the frequency range considered for the measurements, which extends from 10 to 30 GHz. Sphericity and monodispersion of spheres were good, nonuniformity of diameter was measured to be less than 1% of the nominal value.
The lattice geometries used were triangular and square, with a parameter notation shown in Fig. 1 ; we will use ⌽ for the sphere diameter and ⌳ to refer to the lattice constant, the separation between two consecutive centers in the unit cell.
A simple parameter to indicate the compactness of a particular arrangement is the ratio ⌽ / ⌳, denoted by R in the following. However, in order to compare, we need a parameter describing the layer compactness for both lattices. This parameter is the filling factor, denoted by f f. Filling factor is defined as the volume fraction that is occupied by spheres with respect to the total volume of a unit cell where the height equals the diameter of the sphere. Both parameters R and f f are geometrically related, therefore, we can calculate filling factor of the triangular ͑f f t ͒ and square lattice ͑f f s ͒ as
Spheres were held at their assigned positions by gravity, placing them on a surface of cardboard with smooth marks in each site as was shown in Fig. 2 . The values of ⌽ and ⌳ were selected for each R value in a convenient way, fixing the similar filling factor and diameter of spheres in both lattices and modifying the lattice period to match the structures. Therefore, the design election takes the higher benefit of our frequency window of measurement. Sphere diameters used were 7 and 8 mm.
The transmission spectra of these structures were measured by using a network analyzer ͑HP 8722ES͒, spliced to rectangular horn antennas 60ϫ 40 mm 2 ͑Narda Model 639͒, aligned in the z direction, separated 300 mm approximately from each other. In the middle of this space the sphere arrangements were placed perpendicular to the antennas axis. Spectra where registered using differential measurement technique to enhanced the frequency response of the antennas.
Computer calculations were carried out using the CST MICROWAVE STUDIO ™ , a commercial code based on the finiteintegration time-domain method. This program is an electromagnetic field simulation software package specially suited for analysis and design in the high-frequency range. In our simulations absorption effects were neglected, remaining for the sphere material characterization only the dielectric permittivity, fixed always as = 7.0
III. EXPERIMENTAL RESULTS AND DISCUSSION
Following the above described experimental procedure, transmission spectra were measured for triangular and square lattices for seven values of compactness in each case. The selected values for the filling factor were f f = 0.532, 0.47, 0.41, 0.295, 0.23, 0.16, and 0.10, scanning every region of mode map; 19 high ͑0.532, 0.47, and 0.41͒, medium ͑0.295, 0.23, and 0.16͒, and low ͑0.1͒.
Figures 3-5 show the transmission spectra of the sphere arrays. The plots from the square and the triangular lattices are always presented together, with solid line the first and with dashed line the triangular. In all cases two figures are presented together, being the one in the left the corresponding to FDTD calculations and the one in the right the experimental measurements. Besides the spectra, the frequency values corresponding to the single sphere Mie resonances 24 are shown at the top of the figures. As the frequency values in the plots are presented normalized to sphere size ͑ / ⌽͒, their values remain constant for both lattices, resulting in vertical lines. In the case of measured spectra, the overlapping of noise begins to be significant, in some cases, for values of normalized frequency ͑ / ⌽͒ higher than 0.75, making difficult to identify fine measurements. Figure 3 shows the calculated and measured spectra corresponding to the higher compactness region, with f f of 0.532, 0.47, and 0.41. The agreement between the FDTD numerical calculations and the experimental values is good to Mie resonance TE2, is practically imperceptible in the triangular lattice and is not found for the square lattice for the calculated spectra, however, a deep peaks appear in the measurement for both lattices ͓Fig. 3͑f͔͒.
Broadband dips around the frequency of 0.59 are present both in the calculations and in the measurement. The sharpness and depth of these dips is different for the two geometries considered but is clear the correspondence between them. A third dip is found in the calculated spectra for / ⌽ = 0.58, around TE3 Mie resonance. However it is only present in measurement spectra of the square lattices for f f = 0.52 and f f = 0.47. The final zone of the measurement spectra is not clear due to the background noise added, therefore, it has not been possible to resolve the electromagnetic behavior of the lattices.
Besides the previous discussion on peak positions, as a general consideration about the three compactness value spectra, we see a clear increase in the similarity between the spectra of the triangular and the square lattices as f f decreases. This likehood increase can be seen both in the calculated and in the measured spectra. As we can see in Fig. 4 , this tendency reaches a maximum in the medium compactness region, where triangular and square lattices present the same behavior for low order resonances.
Numerical and experimental transmission data corresponding to medium compactness region ͑f f = 0.295, f f = 0.23, and f f = 0.16͒ are shown as a function of normalized frequency ⌽ / in Fig. 4 , for both lattices. The agreement between experimental and calculated data is very good, not only in the frequency position of the dips but also in width and almost in depth. Even more remarkable is the similarity between the results obtained from the two studied lattices. For this range of compactness values the transmission spectra of triangular and square lattices are identical.
The higher discrepancy between both lattices is found in the fourth peak ͑⌽ / =0,55͒ of the f f = 0.16 case. It is also the only place with appreciable difference between calculated and measured results: a clear dip in the calculation is only insinuated in the measurement.
We can observe how the second and third resonances in the Fig. 4 ͑also in Fig. 5͒ are close of TM1 and TE2 Mie resonances of isolated sphere in every f f cases study but this proximity slightly varies from one compactness value to other. Similar behavior can be observed also in the Fig. 4 around the TE3, TM2, and TM3 Mie modes. These correspondences suggest that the characteristics of Mie reso-nances for an isolated sphere indeed appear in the transmission spectra, representing a significant influence in the observed response. A behavior clearly dominated by isolated sphere modes would be the easiest explanation for the extraordinary agreement found between triangular and square lattices data. Nevertheless, the layer resonances are close but not matching the Mie resonance frequencies.
A slightly more complicated approximation would be to consider the effect of the environment on a single sphere as an average leading to some kind of effective dielectric permittivity. This would also be nice because the matching between triangular and square data happens for the same filling factor values. We have tried several ad hoc effective values for the dielectric permittivity of the medium surrounding a sphere finding worse matching in all cases. A variation in the dielectric permittivity shifts all the low order Mie resonances in the same direction, either to higher or lower frequency values. As the proximity between Mie resonances and experimental dips appears in different direction in different cases, it is evident that this idea cannot work.
We should then conclude that the Mie resonances do play a significant role in the building up of the collective modes of spheres single layers but not in a straightforward way. Some influence of the environment shift the exact values of the resonance frequencies, although for this compactness vales, in the same way for triangular and square arrangements.
Finally the transmission spectra for square and triangular lattice f f = 0.1 is shown in Fig. 5 as well as the numerical result. The spectra present two sharp dents followed, at higher frequencies by shallower variations. The first dip corresponds with the lower frequency Mie resonance, TE1, and is almost identical for both geometrical configurations. The second dip, around ⌽ / = 0.4, present a significant variation for the two lattices, and the same happens for the rest of the spectra, similar accidents but not exact neither at the same frequency values are present.
Although the influence of the Mie modes in the system behavior is important, the exact coincidence of the first peak in Fig. 5 with the TE1 mode is somehow accidental, as can be realized from Fig. 6 . For the triangular lattice we see in Fig. 6͑a͒ that the lowest frequency dip crosses the TE1 value for a compactness of f f = 0.10, therefore, if we consider other values of f f the coincidence would not be so precise. However, the precise matching of the observed value for this peak between the triangular and the square lattices does takes place for all f f values in this range. The complete coincidence between spectra of the square and the triangular lattices shown for f f = 1.16 ͓see Figs. 4͑e͒ and 4͑f͔͒ starts to disappear smoothly except for the lowest frequency peak, where the coincidence remains in all the cases we have studied.
It is interesting to note that the discrepancy appears for the resonance when it is close to the Bragg diffraction value. The high-frequency dent is relatively close to the Bragg diffraction line for f f = 0.1, as can be better appreciated in Fig.  6 . The same happen in the case of the fourth peak in the f f = 0.16 data ͓Figs. 4͑e͒ and 4͑f͔͒ above mentioned. These data suggest that the resonances taking place close to the Bragg diffraction frequency are more affected by the structure. Square and triangular lattices with the same filling factor, as the sphere diameter is also equal, have different values of the lattice constant ⌳. Therefore, the frequency of the Bragg diffraction is not the same for both lattices. This could be an explanation for the observation of increased discrepancy between square and triangular lattices for peaks close to Bragg diffraction values.
In order to get a more integrated view of the spectra features of different compactness values the representation shown in Fig. 6 is presented. In this plot, previously included in Ref. 19 for triangular lattices, we present the resonance frequency values for each compactness case. The plotted values are obtained from the simulation, what allows more precise data ͑for many more compactness values͒ and a range extension that is very interesting for the discussion. The measurement range ends below ⌽ / = 0.8 as previously stated because of an increase in the noise level ͑due to limitations in the antennas͒; however, in the simulation spectra peaks can be clearly identified up to ⌽ / = 1.2. The frequency values of the lowest order Mie resonances, and the measured samples, are also presented in the plot as horizontal and vertical lines, respectively. As data are presented normalized to sphere diameter, the Mie resonances are not affected by the lattice compactness. Finally, the sloped curves represent the first-orders Bragg diffraction. 19 This map was used to select the seven values of compactness previously discussed.
This global visualization of the single layer nontransmission frequencies together with the Mie modes and the Bragg values allows further discussion. The general similarity between the triangular ͓Fig. 6͑a͔͒ and the square ͓Fig. 6͑b͔͒ cases is clear.
The Mie modes are only dependent on the sphere radius ͑and the dielectrical permittivity, that is held constant in all cases͒, and, therefore, both lattices share the frequency values of this resonances. This is not the case for the Bragg frequencies. The Bragg condition depends on the intersphere separation ⌳ ͑see Fig. 1͒ , and for the same filling factor value we do not have the same ⌳. As can be easily seen from Eqs. ͑1͒ and ͑2͒, ⌳ t ⌳ s . In the triangular case successive Bragg scattering frequencies take place at integer number of times ⌳ t . In the square case there are two families of frequencies for the Bragg scattering, those produced by the nearest neighbors ͑at a distance ⌳ t ͒ and those produced by the second order neighbors, at ͱ 2·⌳ t . In Fig. 6͑a͒ two lines are present corresponding to the first Bragg orders, and in Fig. 6͑b͒ we see again the first two corresponding to the nearest neighbors and, in between, the first corresponding to second order neighbors.
Some of the lattice resonances keep present very close to Mie ones for long intervals of compactness values. This is the case of the lowest frequency peak for highest compactness value, close to TE2-TM1, and of the third one, close to TE3. Other Mie modes seem to be modified by the structure, and significantly affected by its compactness. This would be the case of the two lowest frequency peaks ͑the ones appearing for filling factor values below 0.35͒ or the one above the TE2-TM1 lines. The line representing these modes in Fig. 6 bends when approaching the Bragg in such a way that they merge for low compactness values. It is not surprising then that the resonances close to the Bragg scattering frequencies appear at different positions for the two symmetries considered.
For high compactness values, at the right hand side of Fig. 6 , some differences appear between the two considered lattices. The triangular one, being geometrically the most FIG. 6. Mode maps of 2D arrays of dielectric spheres in triangular ͑a͒ and square ͑b͒ arrangements at normal incidence. compact possible, extends to higher values of filling factor. Lattice resonances at he highest comparable values of filling factor does not take place at identical positions as previously seen in spectra shown in Fig. 3 .
Summarizing, we have seen how for highly compact lattices, f f over 0.5, the spectra from the two geometries is quite different but as compactness decreases they start to converge. For values of 0.47 and 0.41 the spectra from both lattices is very similar but shifted in frequencies, in the former case more than in the later. For medium compactness values ͑f f ranging from 0.3 to 0.15͒ the response of both geometries is remarkably close. This similarity is lost for the peaks approaching the Bragg diffraction values. Regarding these results, we can establish three different zones: a high compactness region, a near to Bragg diffraction region and a medium compactness no Bragg region.
For highly compacted lattices, as previously seen, the spectral features for both lattices are quite different. This could be due to a significant interaction between nearest spheres in the close packed ͑and nearly͒ system 15 because this nearest neighbors are different in each lattice. For these strong interactions it has been proposed the existence collective states generated from the combination of single sphere ones calculated by tight-binding method. 25 It has been reported that this tight-binding picture based on spheres resonances holds well in the single layer of dielectric spheres with a large refractive index. 16 For highly diluted lattices the system is dominated by Bragg diffraction, as has been previously stated. 19 This leads to differences in the peak position of spectra from the two geometries because they present different nearest neighbors distance ͑and hence Bragg frequencies͒ for the same filling factor.
For the intermediate compactness values, we see an impressive similarity in the spectra from both geometries, what lead to think that the structure effect is negligible and that is the isolated sphere the dominating behavior in this region. However, although the dips are somehow near the Mie resonance values, the coincidence is not precise. The possibility of considering the Mie resonances of a sphere in an effective surrounding media taking into account homogeneous effects did not helped to improve the fitting. Further research is needed to elucidate if the resonance of the single layers in this region are some kind of frequency shifted Mie modes ͑and how the modification is produced͒ or if there are more complex interactions.
IV. CONCLUSIONS
The transmission spectra of high dielectric constant of = 7 spheres has been measured and calculated for the two possible regular arrangements, square, and triangular, in a range of lattice compactness values ͑identified by their filling factor͒. The most striking conclusion is the perfect overlapping of the spectra from the two geometries found for certain filling factor values. From the analysis of the similarities among the spectra obtained from the two geometries, we propose three different regions and suggest the dominating physical effect in each one as follows:
͑i͒
High compactness region ͑from close packed to lattice parameters around 25% larger than sphere diameter͒, where the sphere modes significantly overlap and the structure factor is relevant, leading to appreciable differences in the spectra. The resonances in this region could be due to tight-binding combinations of individual sphere modes. 
